In this study we investigate the calibration of surface brightness-color (SBC) relations based solely on eclipsing binary stars. We selected a sample of 35 detached eclipsing binaries with trigonometric parallaxes from Gaia DR1 or Hipparcos, whose absolute dimensions are known with an accuracy better than 3% and that lie within 0.3 kpc from the Sun. For the purpose of this study, we used mostly homogeneous optical and near-infrared photometry based on the Tycho-2 and 2MASS catalogs. We derived geometric angular diameters for all stars in our sample with a precision better than 10%, and for 11 of them with a precision better than 2%. The precision of individual angular diameters of the eclipsing binary components is currently limited by the precision of the geometric distances (∼5% on average). However, by using a subsample of systems with the best agreement between their geometric and photometric distances, we derived the precise SBC relations based only on eclipsing binary stars. These relations have precisions that are comparable to the best available SBC relations based on interferometric angular diameters, and they are fully consistent with them. With very precise Gaia parallaxes becoming available in the near future, angular diameters with a precision better than 1% will be abundant. At that point, the main uncertainty in the total error budget of the SBC relations will come from transformations between different photometric systems, disentangling of component magnitudes, and for hot OB stars, the main uncertainty will come from the interstellar extinction determination. We argue that all these issues can be overcome with modern high-quality data and conclude that a precision better than 1% is entirely feasible.
INTRODUCTION
The surface brightness-color (SBC) relations play a fundamental role in predicting angular diameters of stars and serve as an almost perfect tool for deriving precise distances to eclipsing binary stars. They have also been extremely useful in Baade-Wesselink techniques to determine the distances to classical Cepheid stars (e.g. Gieren et al. 1995; Fouqué & Gieren 1997; Storm et al. 2011) . The SBC relations are commonly calibrated based on direct stellar angular diameters measured by means of ground-based interferometry (e.g. Kervella et al. 2004; di Benedetto 2005; Challouf et al. 2014; Boyajian et al. 2014) . The precision of the SBC relations is gradually improving thanks to the ever-growing number of stars with interferometric angular diameters and to improvements in dealing with the limb darkening.
Eclipsing binaries with known trigonometric parallaxes can also be used to derive the SBC relation. This idea was first formulated and used by Lacy (1977) : the combination of a geometric distance and stellar radius immediately provides an angular diameter of a component of an eclipsing binary. This can later be used to derive a dependence of the radiative flux scale on color, expressed in terms of the surface brightness parameter or the effective temperature. Deriving angular diameters of eclipsing binary stars is significantly more complex than determining an angular diameter of a single star with interferometry. However, using eclipsing binaries usually has an important advantage: good control on the limbdarkening uncertainties, at least when the light curves are of sufficient quality (e.g. Popper 1984 ). Early attempts were constrained to the color V −R (Lacy 1977; Barnes et al. 1978; Popper 1980) and were based on only on three eclipsing binary systems with secure trigonometric parallaxes.
When Hipparcos parallaxes became available, Popper (1998) analyzed 14 well-detached eclipsing binaries with the most accurate parallaxes and absolute dimensions to compare radiative flux scales defined by interferometry and eclipsing binary systems. However, this analysis was made only for (B−V ) color and included eclipsing binaries with a significant amount of chromospheric activity. Nonetheless, Popper (1998) concluded that the SBC relation based on non-active eclipsing binaries seemed to be complementary to that based on interferometric angular diameters. Kruszewski & Semeniuk (1999) developed the idea of using a large number of eclipsing binaries with geometric distances from Hipparcos to precisely calibrate the SBC relations. They compiled an extensive list of promising eclipsing binaries in the solar neighborhood (up to 200 pc). Soon after, Semeniuk (2001) derived the SBC relation from a sample of 13 eclipsing binary stars with Hipparcos parallaxes and Strömgren photometry. The calibration was made for the (b − y) color and compared with the relation by Popper (1998) , which was mostly based on interferometric and lunar occultation angular diameter measurements. The samples agreed well, but the derived SBC relation had very large scatter.
The usefulness of eclipsing binaries for distance measurements was investigated by Jerzykiewicz (2001) by comparison of corrected trigonometric parallaxes and photometric distances, with the conclusion that EBs are excellent standard candles. Smalley et al. (2002) used 15 eclipsing binary stars with Hipparcos parallaxes to derive a fundamental temperature scale for A-type stars, and Bilir et al. (2008) presented a brief analysis of using eclipsing binary stars to calibrate the absolute magnitudes of stars as a function of some intrinsic colors. The most recent application of eclipsing binaries to derive the SBC relations known to us is the work by Bonneau et al. (2006) , where the SBC relation was calibrated against (V − K) color, but these authors used photometric distances to derive angular diameters (see our Sec. 3.6). Recently, Stassun & Torres (2016a,b) used more than 100 eclipsing binaries to investigate possible systematics in recent Gaia DR1 parallaxes (Gaia Collaboration 2016) and concluded that a likely systematic shift of −0.25 mas is presented in Gaia parallaxes. The shift is consistent with the systematic global error of 0.3 mas in the DR1 that was announced by the Gaia team.
The list of eclipsing binary systems reported by Kruszewski & Semeniuk (1999) is the basis for our programme of investigating eclipsing binaries and deriving the SBC relations. The first paper from our program was devoted to the IO Aqr system and showed that unrecognized triples may bias the derivation of the SBC relations. Although the maximum-light contribution of the third component of IO Aqr is low and relatively well determined, the SBC calibrations would have substantial problems to reach a precision of about 1% for this system. In a following paper (Gallenne et al. 2016) we derived a very precise orbital parallax to TZ For that allowed us to perform a preliminary check of the precision of existing SBC relations. Our parallax measurement to TZ For is in perfect agreement with the photometric distance and the Gaia DR1 parallax. The work on TZ For is a part of our larger effort to determine very precise dynamical parallaxes to a number of long-period eclipsing binaries.
Here we present in detail the method of deriving the SBC relations based on eclipsing binary stars, and for the first time, we publish the precise relations that are based solely on eclipsing binaries. Sect. 2 characterizes a sample of systems and describes the selection criteria and data we used. In Sect. 3 we present the method outline of our analysis. Sect. 4 contains results, and these are discussed in Sect. 5. The last section is devoted to final remarks.
2. THE SAMPLE For the purpose of our work, we use a volume-limited (d < 300 pc) sample of detached eclipsing binaries with published high-quality light curve and radial velocity solutions. The sample is supposed to contain standard eclipsing binary systems for the purpose of accurate distance determination/validation and surface brightness calibration. We made an extensive search for suitable systems in the literature using the SIM-BAD database (Wenger et al. 2000) and NASA ADS. Useful guidance in this measure is provided by the compilations done by Kruszewski & Semeniuk (1999) , Bilir et al. (2008) , Torres et al. (2010) and more recently by Eker et al. (2014) , Southworth (2015) and Stassun & Torres (2016a) . The final sample contains 34 systems and additionally AL Ari, a system for which our new analysis is as-yet unpublished (Konorski et al. 2017 ). Our intention is that the sample would serve as a reference catalogue for very precise determinations of the photometric distances, the angular diameters and the surface brightness. We put very strict conditions for including an eclipsing binary in our sample. As a part of a selection procedure we did an extensive consistency check of published physical parameters for every candidate system and in some cases recalculated fundamental parameters to make them more concordant with the observables. Table 1 presents the basic information about selected eclipsing binaries. The criteria are described in details below.
Proximity effects
No proximity effects larger than 0.03 mag. Although semi-detached or even contact configuration eclipsing binaries were suggested as good distance indicators (e.g. Wyithe & Wilson 2002; Wilson et al. 2010) , our experience shows that their physical parameters are usually much more model dependent and thus less robust than those coming from analysis of detached eclipsing binaries. In fact only well-detached systems offer very simple geometry where both stars can be treated as almost perfect spheres. This simplifies the analysis, as magnitudes and colors of the system are virtually constant outside eclipses.
Intrinsic variability
No intrinsic variability amplitude larger than 0.04 mag. Larger variability (spots, pulsations) over a given threshold may lead to some bias in the estimation of true photometric indices on a level of >2%, so we removed all systems with an active or pulsating component from our sample (e.g. RS CVn stars, chromospheric activity). The only system retained is EF Aqr showing some spot activity on a secondary but only small changes in the combined out-of-eclipse light (Vos et al. 2012 ).
Absolute dimensions
Precision better than 3%. For the purpose of surface brightness calibration a knowledge of the physical radii is fundamental because combined with a distance it gives the angular diameters. We chose known systems with the most precise absolute dimensions. An average precision of the radii determination in the sample is σ R /R = 1.2%. This sample is useful for utilization of the present Gaia parallaxes. For the future Gaia releases expected to have precision better than 1% for all stars in our sample (de Bruijne et al. 2014 ) some of the systems will need to be reanalyzed in order to achieve precision better than 2% of radii determination or eventually will have to be removed from the sample i.e. V1229 Tau, FM Leo, FL Lyr, MY Cyg, VZ Cep, V821 Cas.
2.4. Geometric distance Precision better than 10% within 300 pc horizon. We used trigonometric parallaxes from the recent Gaia Data Release 1 (Gaia Collaboration 2016), augmented with Hipparcos parallaxes (van Leeuwen 2007) for some bright and nearby systems. Even so, there are just a few eclipsing binaries in our sample with high precision trigonometric parallaxes (fractional uncertainty σ π /π < 2%). In the case of one system, TZ For, we utilized the orbital parallax determined by Gallenne et al. (2016) which is by a factor of 5 more precise than the Gaia DR1 parallax.
Temperature
Effective temperatures known to within 5%. We use them to build precise models of the systems and to calculate infrared light ratios. In this work we utilized also temperatures to derive photometric distances (by the flux scaling) as proxies of the true geometric distances. In general temperatures are important for determining auxiliary parameters (e.g. limb darkening) during light curve analysis and thus we preferred systems with well determined radiative properties.
Multiplicity
We excluded systems with confirmed third light in photometry/spectroscopy or known close bright companions affecting photometric indexes. CD Tau has a close Ktype companion at a distance of ∼ 10 ′′ . The light of the companion is present in the optical light curves analyzed by Ribas et al. (1999) but it was carefully accounted for in their analysis. The companion is far enough away to not influence the Tycho or 2MASS magnitudes. Also AI Phe has a fainter visual companion (11 ′′ ), the presence of which was accounted for by Kirkby-Kent et al. (2016) in their analysis. The case of AI Phe is actually more complicated as this system has another, even closer, invisible companion inducing acceleration on a main binary system (M. Konacki -priv. com.) . At this moment the nature of this companion is uncertain but spectroscopic data suggests an M type dwarf. In that case its luminosity can be completely neglected (even in NIR) and we included this system in our sample. RR Lyn is a proposed triple system with a companion of 0.1 M ⊙ (Khaliullin & Khaliullina 2002) . Even if the companion will be confirmed with future spectroscopic monitoring at the moment no third light is visible in high quality light curves (e.g. Khaliullin et al. 2001 ) and we retained this system in our sample.
Photometry
We decided to use homogenous non-saturated optical/infrared photometry from Tycho-2 and the Two Micron All Sky Survey.
Optical
We downloaded the optical BV Tycho-2 photometry (Høg et al. 2000) of the eclipsing binaries from Vizier 1 . β Aur, which is by far the brightest star in our sample, is the only star that lacks Tycho photometry. In this case we used Johnson photometry from a compilation by Mermilliod (1991) . Tycho photometry was subsequently transformed into the Johnson system using the method outlined by Bessell (2000) . For 6 systems Tycho-2 photometry leads to unexplainable shifts in the temperatures and surface brightness parameter derived so and we replaced it by more precise out-of-eclipse optical photometry from the literature.
Near infrared
We downloaded NIR JHK S photometry of the Two Micron All Sky Survey (2MASS) (Skrutskie et al. 2006) from Vizier 2 . Magnitudes were converted onto the Johnson system using equations given in Bessell & Brett (1988) and Carpenter (2001) 3 . The transformation equations are as follow:
2MASS photometry of β Aur is saturated and we used Johnson JK photometry from a compilation by Ducati (2002) . A lack of good NIR photometry forced us to remove from the sample the otherwise well suited system ψ Cen.
3. METHOD 3.1. The Wilson-Devinney model of the systems For the purpose of obtaining homogenous parameters for the eclipsing binary sample we decided to create a model of each system. The models were built using the Wilson-Devinney code version 2007 (Wilson & Devinney 1971; Wilson 1979 Wilson , 1990 van Hamme & Wilson 2007) while parameters of the models were based on solutions published in the literature. None of the eclipsing binaries in our sample has infrared J, H, K light curves suitable for deriving direct light ratios in those bands. Thus, in order to calculate intrinsic infrared colors of the components of each system we employed eclipsing binary models based on optical light curves and we extrapolated them into infrared. Such an approach may introduce some bias which will be discussed later in this paper. All models were checked for internal consistency of the parameters and it turned out that in many cases they had to be fine-tuned. In particular, the temperature ratio and the absolute temperature scale, being crucial for Vos et al. (2012) precise prediction of infrared light ratios, were inspected carefully.
The procedure was as follows. For each system we collected orbital and photometric parameters from the most recent publications. The input parameters were the radial velocity semi-amplitudes K 1,2 , the orbital period P , three parameters describing the position of the orbit (the orbital inclination i, the eccentricity e and the longitude of periastron ω), the photometric relative radii r 1,2 and the effective temperatures T 1,2 . Those parameters were transformed into the semi-major axis of the system a, the mass ratio q and into dimensionless Roche potentials Ω 1,2 using equations given in Torres et al. (2010) and Wilson (1979) , i.e. parameters directly fitted or used within the WD program. We usually fixed the temperature of the primary star T 1 and then, using published light ratios in different photometric bands, we adjusted the temperature of the companion T 2 . In some cases however we also re-derived T 1 as it is described later. The rotation parameter F 1,2 was kept to 1 (synchronous rotation), unless there was a direct spectroscopic determination of F significantly different from unity. The albedo A and the gravity brightening g were set in a standard way for a convective atmosphere cooler than 7200 K and radiative ones for a hotter surface temperature. This was done only for the sake of consistency because the two parameters have negligible effect on the light ratios. The input and derived parameters used to create the appropriate WD models are listed in Table 2. 3.2. Correction of 2MASS magnitudes taken during eclipses KX Cnc, GG Lup and WW Oph have 2MASS observations taken during the secondary eclipses. To account for a light lost during minima we used our models to calculate the appropriate corrections. The corrections are ∆J = −0.333 mag, ∆H = −0.331 mag and ∆K = −0.331 mag for KX Cnc, ∆J = −0.277 mag, ∆H = −0.281 mag and ∆K = −0.285 mag for GG Lup, ∆J = −0.392 mag, ∆H = −0.390 mag and ∆K = −0.390 mag for WZ Oph. For GG Lup we accounted also for the apsidal motion which shifts the position of the eclipses (Wolf & Zejda 2005) .
Temperature and Reddening
In some individual cases, described in the Appendix the temperature T 1 or/and color excess E(B−V) were adjusted in order to obtain agreement between intrinsic colors and temperatures. Reddenings to each object were taken from the literature, if available, and also derived independently using the extinction maps by Schlegel et al. (1998) following the prescription given in Suchomska et al. (2015) . Dereddened magnitudes and colors were calculated using the mean Galactic interstellar extinction curve from Fitzpatrick & Masana (2007) assuming R V = 3.1. To re-derive temperatures we used a number of calibrations given below:
• b−y: Holmberg et al. (2007) , Ramírez & Meléndez (2005) , Alonso et al. (1996) , Napiwotzki et al. (1993) .
• (2000), Alonso et al. (1996) .
3.4. Radial velocity semi-amplitudes Usually we assumed radial velocity semi-amplitudes from the literature. When two or more orbital solutions were published based on different radial velocity sets and having uncertainties of the same order of magnitude, we used the weighted mean to derive the final parameters, i.e. AI Phe, EW Ori, UX Men, β Aur, GG Lup, UZ Dra, and V1143 Cyg. However, in few cases we redetermined the spectroscopic orbits from source data in order to derive directly K 1,2 or to check the consistency of the orbital parameters and their errors. The spectroscopic orbits were derived with the Wilson-Devinney code taking into account the full model of a system and all proximity effects. A set of numerical constants used to change from SI units into astrophysical units were chosen after Torres et al. (2010) . Individual cases are described in the Appendix.
3.5. Distances 3.5.1. Geometric distances The source of parallaxes is almost exclusively the recent release of Gaia parallaxes DR1 (Gaia Collaboration 2016) and in a few cases of close and bright systems where those parallaxes are unavailable we use parallaxes from the latest reduction of the Hipparcos data (van Leeuwen 2007) . Distances are calculated through simple inversion of trigonometric parallaxes. It is known that this procedure for larger parallax errors ( 4%) is not unequivocal and must include some prior on expected space distribution of an object (e.g. Sandage & Saha 2002; Bailer-Jones 2015) . Existence of this prior is necessary to recover a true distribution (distances) from an observed distribution (parallaxes) in the presence of observational errors. In terms of absolute luminosity bias it leads to the so called Lutz-Kelker correction (Lutz & Kelker 1973) . However errors given by the Gaia DR1 are preliminary and likely overestimated (e.g. Casertano et al. 2016 ) and using them for parallax corrections would introduce unknown amounts of systematics. For the purpose of this paper we decided to not apply Lutz-Kelker corrections to the distances, especially as any such correction would be smaller than quoted errors. The resulting distances are summarized in Tab. 3.
Photometric distances
We employed the so-called standard method utilizing V-band bolometric corrections to derive photometric distances, known also as the bolometric flux scaling. We calculated distance d to the i-th component of the system using equation:
where index i = {1, 2}, R is the radius of a component in solar radii, T is its effective temperature in K, BC is a bolometric correction interpolated from the Flower Table 3 Photometric and physical parameters used to derive individual angular diameters and colors. (1996) tables for a given temperature and V is the intrinsic magnitude of a component (corrected for extinction). The distance to a particular system was calculated as the unweighted average distance of the two components. The purposes of introducing photometric distances is to check for consistency of the eclipsing binary model parameters and validation of the Gaia parallaxes used in the analysis. The photometric distances are given in Tab. 3.
Angular diameters
In order to derive surface brightness -color relations we need to calculate individual angular diameters of the stars. Angular diameters are calculated with the formula:
where d is a distance, R the radius of the star and the conversion factor is equal to 2000R ⊙ /1AU assuming a solar radius R ⊙ = 695660 km (Habbereiter et al. 2008) and a length of the astronomical unit 1AU = 149597871 km (Pitjeva & Standich 2009 ). We emphasize that angular diameter calculated from the photometric distance is a function of radiative properties of a star (mainly its effective temperature) and not its geometric properties. Indeed, if we combine equations 1 and 2 we derive angular diameter which is only a function of the effective temperature, the V -band bolometric correction (also temperature dependent) and extinction corrected V -band magnitude. Because of this we do not utilize the photometric distances to calculate angular diameters in the present work.
Intrinsic magnitudes
In Table 3 we summarize all parameters used to derive the intrinsic photometric indexes of components. The mean galactic extinction curve with R V = 3.1 (Fitzpatrick & Masana 2007 ) was used to correct the observed magnitudes for reddening. Next, with the help of our WD models, we calculated light ratios in the Johnson BV JHK bands and use them to derive intrinsic magnitudes and colors of each component. The WD code uses an atmospheric approximation with intensities based on ATLAS9 (Kurucz 1993 ) model stellar atmospheres which are integrated over a given passband to give emerging flux being expressed as fraction of flux emerging from the black body of the same temperature. For all the systems in our sample B and V light ratios are tuned to published light ratios based on literature light curve solutions. However in order to calculate the light ratios in the infrared JHK bands we need to extrapolate the models as none of the systems has infrared light curves published or analyzed. This is why the temperature ratio needs to be well established in order to minimize systematics due to the extrapolation. Provided the temperature ratio and absolute temperatures are well known such a procedure does not introduce significant bias because the relative fluxes from the atmospheric models are much better constrained than the absolute fluxes. We add also that errors given on unreddened magnitudes in Table 3 do not account for possible systematic shifts on a level of 1% due to transformation of Tycho-2 and 2MASS magnitudes onto the Johnson photometric system. We follow Hindsley & Bell (1989) to define the surface brightness parameter S:
where i denotes a particular band (B or V ) and m i,0 is the intrinsic magnitude in a given band. The surface brightness parameter S was then used to obtain the SBC relations by fitting it with first and fifth degree polynomials in a form:
where X is a given photometric color (see Sect. 4.3 for more details). Use of a higher order polynomial is justified by a strong non-linearity of the SBC relations for the blue-most colors (stellar spectral types earlier than A0).
4. RESULTS 4.1. Distances Stassun & Torres (2016a,b) presented comprehensive comparisons of geometric distances from the Hipparcos and Gaia satellites with photometric distances derived from eclipsing binaries. We underline that we use here a different method to derive photometric distances, and our sample is significantly smaller but on other hand more carefully selected. Figure 1 shows the comparison of geometric and photometric distances, where difference between both distances is expressed in term of the standard deviation of distances σ. Inspection of the figure confirms that detached eclipsing binary stars serve as almost perfect distance indicators, and the photometric distance is a very good proxy of true geometric distance, as long as issues with reddening and temperature are properly handled (e.g. see Section 4 in Torres et al. 2010) . Both distances and their σ difference are given in Tab. 3. The largest deviations from the 1:1 relation between geometric and photometric distance are for V505 Per (2.2σ), CD Tau (2.2σ) and VZ Cep(2.1σ). For the complete sample the reduced χ 2 = 0.99 (34 degrees of freedom) i.e. it is fully consistent with statistical uncertainties dominating the error budget in the distance determination. However if we exclude the three most deviating systems the reduced χ 2 = 0.87 (31 degrees of freedom) suggest that for the majority of systems the errors on the distance determinations are slightly overestimated. We note that the two strongly deviating systems (CD Tau and VZ Cep) also stand out in comparison of photometric and Hipparcos parallaxes (Stassun & Torres 2016a) . A possible explanation is wrongly estimated temperatures or/and interstellar extinctions in case of those two systems or the presence of some additional systematics in trigonometric parallaxes. However more work is needed to figure out the source of the discrepancy.
The inset in Figure 1 shows histogram of deviations in terms of the σ from a sub-sample with Gaia parallaxes (30 systems, green) and from the rest of the sample (green+blue). Superimposed are the expected distributions of deviations when errors are uncorrelated and dominated by random uncertainties. We see a clear excess of systems with small deviations signifying that errors on distances are inflated both for the sample and the Gaia sub-sample. This is in agreement with the conclusion by Casertano et al. (2016) . We see also that Gaia distances are on average larger than photometric distances, thus corroborating findings by Stassun & Torres (2016b) .
Angular diameters
The distances were utilized to calculate geometric angular diameters for all the sample -see Tab. 4. Those angular diameters are direct limb darkened angular diameters and they are complimentary to angular diameters derived from interferometry (e.g. compilations by Boyajian et al. 2014; Challouf et al. 2014) . They have an average precision of 4.7% limited by the precision of parallax determinations. The precision is better than 2% for 11 components. Figure 2 shows the derived angular diameters with uncertainties. One can note the clear dependency of uncertainty on angular size and color (V − K) 0 , with bluer (hotter) stars having angular diameters more poorly determined. From all the sample only one star, the cooler component of TZ For, had its angular diameter measured directly with interferometry (Gallenne et al. 2016) , however with much lower precision, and two components of β Aur were barely resolvable (Hummel et al. 1995) . Figure 3 shows the relation between the V-band surface brightness S V and color (V − K) 0 against some interferometric SBC relations (Challouf et al. 2014; Boyajian et al. 2014; di Benedetto 2005; Kervella et al. 2004 ). Left and right panels correspond to S V derived from the complete sample and the best-fit subsample, respectively. The best-fit systems were defined as those having their geometrical and photometric distances in agreement to better than 0.5σ -see Tab. 3 and Fig. 1 . The V -band surface brightnesses derived from trigonometric parallaxes fits well on the Challouf et al. (2014) calibration with a spread of ∼0.1 mag corresponding to 5% uncertainty in angular diameter, dominated by distance errors. The agreement with the interferometric relation is satisfactory, i.e. both methods of measuring angular diameters, direct from interferometry and semidirect from eclipsing binary stars, show good consistency. The agreement is even better if we use the best-fit subsample.
SBC relations
In order to quantify the SBC relation we derived it directly. We fitted Eq. 4 to the S V (see Sect. 3.8) using Orthogonal Distance Regression (Boggs & Rogers 1989) which accounts for the errors on the independent variable, in our case: color (V −K) 0 . We fitted a fifth-order polynomial to all the data and a first order polynomial to the data from the best-fit systems. The results of the fitting are presented in Figure 4 and coefficients of the derived relations are given in Tab. 5. The precision of the SBC relation based on all systems is rather low (∼ 5%) with the distance errors fully dominating the error budget. However, the use of systems having the best consistency of their geometric and photometric distances results in a remarkable improvement of the precision of the derived SBC relation by a factor of 2. The internal precision of the linear relation in predicting angular diameters of A-, F-and G-type stars is in fact comparable to or even better than published interferometric relations up-to-now, e.g.: Boyajian et al. (2014) Note. -Notes. The S parameter is defined by the Equation 3. Colors are in the Johnson photometric system. The limb darkened stellar angular diameter is expressed in milliseconds of arc and follows from the equation: log θLD = 0.2 * (a0 −m+a1 * X +...+a5 * X 5 ), where m is the observed extinction-free magnitude of a star in the B or V band and X is an extinction-free color. The last column gives the precision in predicting the angular diameter of stars in the given color range. a Number of stars used in the fit relation by Boyajian et al. (2014) , it compares well with the relation by Challouf et al. (2014) , especially for the bluest colors, and also with di Benedetto (2005) for the reddest colors (V −K) 0 > 1.0. This is an important argument in favor of the eclipsing binary method as a fully independent way to derive the SBC calibration.
One of the advantages of using eclipsing binary stars comes from the very precise surface gravities derived for the individual components. This allows, in principle, to determine how a SBC relation might depend on surface gravity (Fig. 4) . We see some hints of this dependence where higher surface gravities result in higher surface brightness but the spread is still large and it is premature to draw a conclusion here.
The broadband SBC relations calibrated onto a wide range of colors do not show any statistically significant metallicity dependence with an exception of the bluest colors (e.g. (B −V ), see Boyajian et al. 2014) . We compiled the metallicity determinations for our sample from the literature (Tab. 4) in order to check the possible dependence. As expected, no clear metallicity dependence is visible for the V −K color -see Figure 5 , although the scatter may hide it.
For the SBC relation to be useful it should have small intrinsic scatter and be only weakly dependent on reddening. The SBC relation for the V band and (V −K) has great potential in this respect. This relation is commonly used to predict angular diameters and to determine distances, e.g. to the Magellanic Clouds with accuracy of 2-3% (Pietrzyński et al. 2013; Graczyk et al. 2014 ). However, for early-type stars (O or B) the relation becomes non-negligibly inclined to the line of reddening and shows significantly larger scatter than for stars with spectral types later than A5 (e.g. Challouf et al. 2014 ). This reduces its potential for predicting angular diameters of early type stars. Kervella et al. (2004) reported that the SBC relations based on colors with a larger wavelength difference show smaller scatter, i.e. the colors (B − K) and (V −L). However their relations were constrained to intermediate-and late-type stars.
We decided to search for similar relations using our sample. We combined two surface brightness parameters (B-and V -band) with the six colors (V − J), (V − H), (V −K), (B−J), (B−H) and (B−K). We fit the surface brightness parameters for the best-fit and all systems using first-and fifth-order polynomials, respectively. Figure 6 shows the two derived promising SBC relations based on (B−K) color and with the rms minimized. The appropriate polynomial coefficients and the precision of angular diameter prediction are reported in Tab. 5. Both relations give precisions in the predicted angular diameters of 5% for the entire sample, 2-3% for the best-fit subsample, and have the smallest inclination of the relations to the reddening line for bluest colors. We note here that the real precision is lower because of the global systematic uncertainty of Gaia DR1 parallaxes. We estimated that the an upper limit of the systematics is about 3% for our systems.
DISCUSSION
The main purpose of the paper is to show that the inverse eclipsing binary method allows for independent and precise calibration of the SBC relations. Results presented in Section 4.3 fully corroborate this premise. Still, the precision of the derived relations is not significantly better than those derived from interferometric measurements of stellar angular diameters. In this section we are going to quantify the necessary steps in order to reach sub-percent precision in predicting angular diameters.
Uniform analysis
We compiled in this work data from numerous papers published by many different groups of researchers. Each group uses different quality photometric and spectroscopic data, different methodology to derive radial velocities, analysis of light and radial velocity curves (separated, simultaneous, single light curve, multi-band light curves), different ways of deriving effective temperatures (color-temperature calibrations, atmospheric model analysis) and finally different sets of astrophysical numerical constants. During this work we made some effort to homogenize existing data on eclipsing binary stars, but it was constrained to the effective temperatures, their ratio and the radial velocity semi-amplitudes.
However, to pin-down systematics a full homogenous re-analysis of each system would be needed using the same methodology and software, and also similar quality observables. That would result in better evaluation of relative precision of each data sets and it would augmented the internal precision of the physical parameters of the whole sample. Significant help in this respect can be expected from using new, high precision numerical codes like ellc (Maxted 2016) or Phoebe-2 (Prša et al. 2016) , allowing for a very homogenous analysis of the full sample.
Ideally uniform space-based high-precision mediumcadence photometry and homogenous high-resolution, high-stability spectroscopic ground-based data for all the sample would suit best the purpose of the very precise SBC calibration. Such light curves will become available for many of the systems here if the TESS mission is successfully launched. We see this as a long-future next, natural step resulting in additional improvements over internal consistency and precision of derived physical parameters.
Sample enlargement
In order to increase the number of eclipsing binaries with suitable data for this programme, we have selected a number of additional, suitable detached eclipsing binary systems and have collected spectroscopic and photometric data for them. They cover a wide range of spectral classes from B-to early K-type and they are mostly within 300 pc from the Sun (low extinction regime). Besides AL Ari, for which we are already presenting derived physical parameters and a paper describing full analysis will be published soon (Konorski et al. 2017 ) our ongoing analysis is at an advanced stage for about 20 more systems.
The sample will be expanded in the near future with systems having more precise Gaia parallaxes within and beyond 300 pc horizon. More systems will also join the sample from efforts of other research groups investigating eclipsing binary stars as a large number of high quality light curves from ground based surveys (e.g. Super-WASP, soon the LSST) and space based surveys (e.g. Kepler-2, soon TESS) is registered for both known and newly discovered systems. Those efforts will surely result in enlarging significantly the sample to about 100 systems covering B-, A-, F-and G-type stars. More systems will not only help to reduce statistical errors of relations but also to determine the intrinsic spread of the SBC relations.
5.3.
Parallaxes Future more precise Gaia parallaxes are fundamental for any significant improvement to SBC relations presented here. We forecast expected precision of Gaia parallaxes for the sample as follows. We assumed conservatively that the precision of astrometry for bright stars (3 mag < G < 12 mag) will be 15 µas and that the photocenter movement of an eclipsing binary will be unequivocally detected and taken into account when it is larger than 35 µas. The resulting expected mean relative precision of Gaia parallaxes will be 0.6% for our sample. Systematic uncertainty introduced into the prediction of angular diameters will likely be smaller but to be conclusive on this point we need to wait for a final Gaia release quality evaluation. Figure 7 presents the expected angular diameters of stars in our sample after the final Gaia data release, assuming the same radii and uncertainties as in Tab. 3. Inspection of this figure suggests that much improvement is expected, especially for blue stars. Angular diameters with a sub-percent precision will be available for more than half of all components in our eclipsing binary sample. We add that the sample will be augmented by very precise dynamical parallaxes from interferometric orbits for a number of long period eclipsing binary stars.
Disentangling of component magnitudes
It is interesting to estimate to what extent our extrapolation procedure introduce a bias. As was mentioned already in Sec. 3.7, flux ratios are calculated using precomputed intensities based on ATLAS9 atmosphere models which assume a plane-parallel geometry and local thermodynamic equilibrium (LTE). When components have similar effective temperatures to within about 100 K their light ratio changes very little over the optical and NIR range of the spectrum and, regardless of the adopted model atmosphere, the extrapolation leads to negligible errors in comparison with observational photometric uncertainties. However the situation is somewhat different when the temperature difference between the components is much larger, say of the order of 1000 K.
For A-, F-and G-type stars with given atmospheric parameters (T eff , log g, [Fe/H]) and solar-like compositions their absolute spectral energy distributions predicted by various atmospheric models (plane parallel, spherical, LTE and non-LTE) in a range of B and K bands have differences between them of up to 5%, but significantly smaller regarding relative fluxes (i.e. colors) (e.g. Bessell et al. 1998; Martins & Coelho 2007; Edvardsson 2008; Plez 2011 ). Comparison of model fluxes with empirical fluxes in the aforementioned range of the spectrum gives also very good agreements. As a result, we can expect, on average, a small systematic uncertainty in the derived colors (reaching up to 0.02 mag) even in cases of larger temperature difference between the components. Such an error would be only a fraction of the typical uncertainty of an intrinsic color. This uncertainty can be mitigated even further by using multi-band photometry and carefully determined temperatures derived from disentangled spectra. For hotter stars (O-and Btype) use of plane-parallel and LTE models may lead to much larger systematic shifts (e.g. Aufdenberg et al. 1998; Cugier 2012) , however these issues will be addressed in a forthcoming paper. 5.5. Photometry and transformations into standard system 5.5.1. Optical The precision of transformation between the Tycho-2 and Johnson photometric systems is about 1% (Bessell 2000) resulting in additional systematic uncertainty in our SBC relations. To mitigate the problem one would use original Tycho-2 B T and V T magnitudes and to express the calibration in this system. However we notice that for a few systems in our sample (EW Ori, VZ Hya, VZ Cep, LL Aqr and EF Aqr), Tycho-2 photometry transformed into B, V magnitudes give optical and NIR colors which are inconsistent with each other and with temperatures of the stars. In those cases we used other sources of V -band magnitudes. The source of discrepancy is unclear to us, but we think that although the Tycho-2 photometry is multi-epoch in particular cases mean B T and V T magnitudes are affected by the presence of eclipses and/or other kind of systematics (e.g. transformation errors). That strengthens the case for well-calibrated, precise and uniform optical B, V photometry in the standard Johnson system for stars in the sample. In the optical, provided that a photometric system is close to the standard one, it is expected that transformation from instrumental system to the standard one would not produce systematic errors larger than 0.5%.
NIR
For the overwhelming majority of eclipsing binary systems, well calibrated photometry NIR comes only from the single-epoch 2MASS survey. We transformed 2MASS magnitudes into the Johnson system which may introduce systematics of up to 1% (0.02 mag), because of poor definition of the Johnson system in NIR. As an example of this fact the transformation equation for (V −K) color used by Holmberg et al. (2007) has an offset of −0.02 mag with respect to the transformation equation we used, of course a non-negligible value when we deal with subpercent precision. Preferentially the future SBC calibration should be expressed in the 2MASS photometric system which is well calibrated (e.g. Cohen et al. 2003) and it is based on all-sky network of standard stars, or eventually by using other NIR system which have similar bandpasses and precisely determined transformation (e.g. SAAO).
Single-epoch photometry is prone to some accidental errors and the statistical uncertainty of one measurement is relatively large. Because of that it would be advisable to carry out new, high quality multi epoch NIR photometry secured for stars in the sample. It would significantly help in reducing statistical uncertainties and in removing any accidental photometric errors. We already started a campaign to secure NIR photometry for southern and equatorial stars from the sample with the plan to derive precise out-of-eclipse magnitudes and later also to provide full NIR light curves for some eclipsing binaries, especially those having large effective temperature difference between components.
Quantifying error contributions
• Radii: the mean precision of stellar radii determination in our sample is 1.2%. By using about 100 systems it would be possible to pin-down the statistical error by a factor of 10, i.e to 0.1-0.2%. Systematics will come mostly from the numerical tools for the analysis of eclipsing binary stars, and it is expected to be of order of 0.1%.
• Parallaxes: taking into account the photocenter movements of the eclipsing binaries, the mean expected precision of Gaia parallaxes would be 0.6%. The systematic error is expected to be significantly smaller.
• Disentangling of magnitudes: up to 0.01 mag of systematics in derived colors and magnitudes translates into a 0.3% mean systematic uncertainty in predicting angular diameters. However, by if we were to use full NIR light curves and/or by using equal-temperature systems, then this error could be almost eliminated because it would be possible to determine the NIR magnitudes directly.
• Photometric zero-points and transformations: in best cases of well-defined photometric systems (Section 5.5) we expect 0.7% systematics in colors and magnitudes.
• Interstellar extinction: a) Total extinction: the reddeing is low for almost all our systems. When we assume a standard Galactic exctinction curve with R V = 3.1, it introduces only a little additional uncertainty of about 0.03 mag in the (V −K) 0 color. Because the reddening line is largely parallel to the SBC relation, this translates into only a 0.006 mag statistical uncertainty (0.3 %) in predicting the angular diameter. b) Reddening law: for about 25% of stars in within 1kpc from the sun (e.g. Fitzpatrick & Masana 2007 ; Kre lowski & Strobel 2012), we expect deviations from the universal law. R V can vary significantly, but mostly lies between 2.7 and 3.7 (e.g. Gontcharov 2012 ). When this is not accounted for, it shows as an additional intrinsic scatter in the SBC relation that amounts to about 0.02 mag in some individual cases.
The statistical uncertainty of the future SBC relation is expected to be well below 1% provided the number of suitable systems is sufficient (about 100 systems) and the internal dispersion of a given relation is low. By combining all conservative estimates of errors from the above considerations in quadrature we obtain an upper limit of 0.9% on the systematic uncertainty. This error is dominated by the photometric uncertainties.
6. FINAL REMARKS New Gaia parallaxes combined with Hipparcos and dynamical parallaxes allow us to derive for the first time the SBC relations based fully on the eclipsing binary stars. The precision of the derived relations for A-, F-, and Gtype stars is comparable to the precision of relations derived from interferometric angular diameters, and both types of relations are mutually consistent. The eclipsing binary method has no serious limitations if it based on a well-selected sample of eclipsing binaries, a selfconsistent analysis method, and proper sanity checks. To expand the SBC relation to O-and B-type stars we propose to use the B−K color, which allows reducing interstellar extinction uncertainties. We also discussed all the steps necessary to obtain precise and accurate SBC relations that allow for a precision better than 1% of the angular diameter predictions in the future.
APPENDIX

TEMPERATURES AND REDDENING
V570 PER
The temperature of the system V570 Per was determined from a model atmosphere analysis of disentangled spectra (Tomasella et al. 2008b) . Although formal errors on the temperatures quoted by the authors are very small (lower than 0.5%), the intrinsic colors of the components b − y, B − V , V −J and V −K, point to much lower temperatures (by about 300 K), unless there is significantly larger interstellar extinction to this object than assumed by Tomasella et al. (2008b) : E(B − V ) = 0.07 mag instead of 0.023 ± 0.007 mag. There are two ways of resolving the problem: (1) the temperatures are indeed lower, or (2) the reddening is indeed higher. The first possibility would force us to assume that some error was made by Tomasella et al. (2008b) during their atmospheric analysis. This seems quite unlikely, however: (a) their atmospheric analysis is standard, (b) the spectra are of good quality, (c) higher temperatures correspond well with the components' spectral types and masses. Thus the more probable explanation of disagreement is possibility (2). However, it was reported that the interstellar potasium line KI (7699Å) is not detected in the spectra of the system, which would contradict the higher reddening. Because we cannot solve this problem at the moment, for the purpose of this work, we kept the temperatures from Tomasella et al. (2008b) and assumed a reddening of 0.07 ± 0.03 mag to V570 Per. This problem clearly needs some future attention and more detailed investigation.
WW AUR
The temperatures of the components of WW Aur were previously determined by Smalley et al. (2002) and Southworth et al. (2005) . However, b−y, B−V , V −K colors suggest larger temperatures by about ∼ 200 K, what was already pointed out by Southworth et al. (2005) in regard of the b−y color. Wilson & van Hamme (2009) used their direct distance estimate (DDE) method and also found the temperatures of both components to be higher by a very similar amount. In our model we employed those higher temperatures.
KX CNC
For the system KX Cnc we determined the temperature from Strömgren uvby photometry (b − y=0.378; Olsen 1983) and Johnson's BVJK photometry. The temperature of the primary component derived from the different colors is as follows: T b−y = 5938 K, T B−V = 5985 K, T V −J = 6131 K, T V −K = 6162 K. The resulting mean temperature is T 1 = 6050 K i.e. larger by 150 K (1.5σ) than the original temperature T 1 derived by Sowell et al. (2012) . The larger value is in better agreement with the original HD spectral classification: F8 (Cannon & Pickering 1919) . Using the calibration between effective temperature and spectral type for normal main sequence stars (Pecaut & Mamajek 2013) we reclassify the system as F9V+F9V.
RZ CHA
The case of RZ Cha is interesting. Andersen et al. (1975) combined their velocimetry with Strömgren photometry obtained by Jørgensen & Gyldenkerne (1975) to derive "mean" parameters of the components. The reason behind it was their conclusion that the components of the system had very similar physical appearance and thus also parameters. This "indistinguishability" of components was retained by Torres et al. (2010) in their review. However, it is clear from inspection of the light curves that the components have different surface temperatures which was reported already by Giuricin et al. (1980) . The difference is small, with the more massive and larger star being cooler by ∼ 50 K, but it has an effect on the predicted infrared light ratios.
WZ OPH
The system was quite recently analyzed by Clausen et al. (2008a) . They reported the temperature T 1 = 6165±100 K, based on reddening E(B − V ) = 0.044 mag, intrinsic Strömgren color of the primary (b − y) 0 = 0.329 and a calibration by Holmberg et al. (2007) . They noted that the temperature derived from atmospheric analysis of the disentangled primary's spectrum is slightly higher, however they did not report how much higher. From unreddened colors b−y, B−V , V −K we derived also a higher temperature of T 1 = 6301 K (1.4σ difference). Lower reddening of E(B − V ) = 0.030 mag resulting from Schlegel et al. (1998) maps leads to the temperature T 1 = 6232 K, a value which one would consider "slightly" higher. These values of reddening and temperatures are assumed in this work.
UZ DRA
Using B, V, J, K photometry we redetermined temperatures of both components because the original temperatures given by Lacy et al. (1989) were estimated only from the mean spectral type of the system. Resulting temperatures are higher by about 200 K than those reported by Lacy et al. (1989) and correspond much better with the masses of both components, which seem to be unevolved main-sequence stars.
VZ CEP
There is an inconsistency between the temperatures based on B − V , b − y colors and V − K, V − J with the NIR colors resulting in temperatures higher by about 300 K. Different values of reddening does not resolve the discrepant temperatures. A possible reason is that 2MASS magnitudes are somehow affected, however they were taken well outside of eclipses and all have an "A" flag. Higher temperatures would be in agreement with relatively massive components of the system, and furthermore the resulting photometric distance would be in perfect agreement with Hipparcos and Gaia parallaxes. However, we have no clue at this moment about the possible source of the discrepancy. We therefore retained in this paper the temperatures from the work by Torres & Lacy (2009) , which are based on Strömgren photometry. Tomasella et al. (2008b) did not report radial velocity semiamplitudes. We utilized data from their Table 2 to rederive the orbital parameters. Our semi-major axis is larger by 1.5σ than value by Tomasella et al. (2008b) which we attribute mostly to a different choice of astrophysical constants, but our mass ratio q is fully consistent with their value.
RADIAL VELOCITIES
V570 PER
HD 71636
Henry et al. (2006) reported two sets of radial velocity semiamplitudes in their Table 3 and Table 5 that contradict each other. Thus we rederived the spectroscopic orbit from the data in their Table 2 . Our semiamplitudes are in perfect agreement with the values presented in Table 3 and we accordingly adopted them here.
KX CNC Sowell et al. (2012) reported two sets of K 1,2 that contradict each other. Using the data from their Table 2 we determined the spectroscopic orbit that is fully consistent with the solution given in their Table 3 .
V4089 SGR
Recently, Veramendi & González (2015) presented light and radial velocity curves solution of the system and they derived its absolute dimensions. However, the semi-major axis a reported in their Table 1 is inconsistent with their radial velocity semiamplitudes K 1,2 and masses. Our solution to the velocimetry kindly provided by M. Veramendi confirms their masses and K 1,2 , but not their a. Also our K 2 is slightly larger (by 1.2σ); this is probably caused by the fact that we allowed for different systemic velocities for the components. Finally, we recalculated errors on the fundamental parameters which are significantly different from those reported in the Tables 1 and 2 by Veramendi & González (2015) .
EF AQR
In paper by Vos et al. (2012) were presented fundamental physical parameters of the system. However, they reported two different sets of radial velocity semiamplitudes K 1,2 (their Tables 4 and 8 ). Using their velocimetry we redetermined spectroscopic orbits for this system. Our K 1,2 are much closer to the values presented in Table 8 , but they are still somewhat different. Especially the epoch of spectroscopic conjuction is different in our solution by 0.002 days suggesting some period change in the system. We also recalculated fractional radii from the sum of radii and k given in their Table 6 . The resulting radii and errors are again somewhat different from those reported in Table 6 . Here we refer only to parameters that we have recalculated. Table 1 are relatively noisy compared to preset-day standards, nevertheless, we rederived the spectroscopic orbits in order to verify the consistency of the orbital parameters and quoted errors. The radial velocity semiamplitudes from our solution are marginally consistent with their values and the overall agreement of the orbit is satisfactory, also regarding the assumed errors.
